The vomeronasal organ (VNO) of terrestrial vertebrates plays a key role in the detection of pheromones, chemicals released by animals that elicit stereotyped sexual and aggressive behaviors among conspecifics. Sensory transduction in the VNO appears unrelated to that in the vertebrate olfactory and visual systems: the putative pheromone receptors of the VNO are evolutionarily independent from the odorant receptors and, in contrast to vertebrate visual and olfactory transduction, vomeronasal transduction is unlikely to be mediated by cyclic-nucleotide-gated channels. We hypothesized that sensory transduction in the VNO might instead involve an ion channel of the transient receptor potential (TRP) family, members of which mediate cyclicnucleotide-independent sensory responses in Drosophila melanogaster and Caenorhabditis elegans and play unknown functions in mammals. We have isolated a cDNA (rTRP2) from rat VNO encoding a protein of 885 amino acids that is equally distant from vertebrate and invertebrate TRP channels (10-30% amino acid identity). rTRP2 mRNA is exclusively expressed in VNO neurons, and the protein is highly localized to VNO sensory microvilli, the proposed site of pheromone sensory transduction. The absence of Ca 2؉ stores in sensory microvilli suggests that, in contrast to a proposed mechanism of activation of mammalian TRP channels, but in accord with analysis of TRP function in Drosophila phototransduction, the gating of TRP2 is independent from the depletion of internal Ca 2؉ stores. Thus, TRP2 is likely to participate in vomeronasal sensory transduction, which may share additional similarities with light-induced signaling in the Drosophila eye.
Most terrestrial vertebrates have evolved two anatomically and functionally distinct olfactory organs, the main olfactory epithelium (MOE) and the vomeronasal organ (VNO). The VNO is a sensory structure adjacent to the ventral septum, which is thought to play a key role in the detection of pheromones (1) . Pheromones are chemical signals released by animals that elicit stereotyped behavioral and neuroendocrine responses that ensure breeding and social hierarchy among conspecifics. In rodents these responses are dramatically impaired by surgical ablation of the VNO.
Molecular analysis has revealed that MOE and VNO sensory neurons use strikingly dissimilar mechanisms to transduce the olfactory information into changes in membrane potential. It has been shown that sensory transduction in the MOE involves the activation of a G ␣s -like G protein by G-proteincoupled receptors, leading to the activation of adenylyl cyclase, the generation of cAMP, and ultimately the opening of cyclic-nucleotide-gated (CNG) ion channels (2) . Accordingly, a large family of G-protein-coupled, seven-transmembranedomain receptors has been identified that are likely to represent the mammalian odorant receptors (3, 4) . In addition, genes encoding a specific G ␣s -like G-protein subunit, G olf , a type III adenylyl cyclase, and an olfactory-specific CNG channel composed of at least two homologous subunits have been isolated (2, 5, 6) . These components are highly enriched in the cilia of olfactory neurons, consistent with a role in odorant sensory transduction. Moreover, mouse knockout lines with targeted disruption of either the olfactory CNG channel or G olf display severe general anosmia, providing direct evidence that the excitatory olfactory signal transduction relies on G-protein-coupled, cyclic-nucleotide-dependent signals (7, 8) .
The main elements of the MOE signal transduction apparatus, however, are not expressed in the VNO (9) (10) (11) (12) . Instead, two receptor gene families, G ␣o -VN and G ␣i2 -VN, have been identified in rodent VNO; they are evolutionarily unrelated to the odorant receptor genes and are likely to encode distinct classes of pheromone receptors (9, (13) (14) (15) . In addition, two G-protein ␣ subunits, G ␣o and G ␣i2, cosegregate with these receptors in nonoverlapping subpopulations of VNO neurons and have been suggested to mediate pheromone receptor transduction (12, 32) . The identity of downstream signaling components of the pheromone-evoked response has remained elusive. In particular, the search for functional subunits of CNG channels expressed in the VNO has been unsuccessful, and patch clamp analysis has revealed that, in contrast to vertebrate photoreceptors and MOE olfactory neurons, no CNG conductance can be elicited in VNO neurons (16) . These results suggest the existence of a novel pathway for sensory transduction in the VNO, independent of CNG channels and distinct from that in the MOE.
Genetic analyses of phototransduction in Drosophila and chemosensation in Caenorhabditis elegans have recently revealed the essential role of members of the transient receptor potential (TRP) family of ion channels in mediating G-proteinregulated and cyclic-nucleotide-independent signaling pathways (17, 18) . We reasoned that, similarly, a TRP homolog might be involved in vertebrate pheromone sensory transduction. Several vertebrate members of the TRP channel family have been cloned, at least in part, but their functions are not well understood (19) (20) (21) (22) (23) (24) . We report here the characterization of a member of the TRP family of ion channels (rTRP2) that is highly and specifically expressed in the rat VNO. The rTRP2 protein appears strictly localized to VNO sensory microvilli, where the pheromone-evoked response occurs, suggesting a direct role in pheromone signal transduction.
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METHODS
Cloning of cDNA Encoding rTRP2. A 224-bp fragment was PCR amplified from rat VNO cDNA by using the degenerate primers GA(A͞G) ACI TCI CA(A͞G) TCI (C͞T)TC TT(C͞T) TGG and (C͞T)TT IGT IC(G͞T) IGC (A͞G)AA (C͞T)TT CCA (C͞T)TC, which correspond to conserved sequences ETSQSLFW and EWKFARTK of TRP ion channels. The PCR product was subcloned into pBluescript KS (ϩ) (Stratagene), and plasmid DNAs purified from isolated colonies were sequenced. 32 P-labeled probes were generated from the plasmid inserts of mTRP2 and mTRP5 and hybridized at 65°C to duplicate filters (Hybond Nϩ; Amersham) of 3 ϫ 10 5 plaque-forming units from a rat VNO cDNA library (9) . Phage inserts from 30 positive plaques were analyzed, which corresponded to independent isolates of a unique cDNA, likely to encode the rat ortholog of mTRP2 (rTRP2). Additional screening of 6 ϫ 10 5 plaque-forming units from VNO cDNA libraries at a lower temperature of hybridization (55°C) failed to identify additional TRP homologs. DNA sequencing was performed on ABI 310 and 377 Genetic Analyzers (PerkinElmer).
Northern Blots. Poly(A) ϩ RNAs were purified from rat VNO, olfactory epithelium, brain, eye, gut, kidney, lung, liver, muscle, testis, and spleen by using a poly(A) ϩ RNA isolation kit (Stratagene). VNO poly(A) ϩ RNA (0.5 g) and poly(A) ϩ RNAs from all the other tissues (2 g) were electrophoresed on a formaldehyde͞agarose gel and transferred to nylon membrane (Hybond Nϩ), and the blot was probed with 32 P-labeled rTRP2 cDNA, then reprobed with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA as a control for loading.
In Situ Hybridization. In situ hybridization was performed as described elsewhere (9) . VNO, olfactory epithelium, retina, brain, utricle, testis, liver, kidney, and duodenum were dissected from adult (8-to 9-week-old) male and female rats. Whole heads were obtained from embryonic day 13 (E13), E15, E17, and E19 rat embryos. Tissues were embedded in Tissue-Tek OCT (Sakura). Antisense and sense digoxigeninlabeled probes were generated from the full-length rTRP2 cDNAs.
Production of an Anti-rTRP2 Polyclonal Antibody. The carboxyl terminus of the rTRP2 gene (amino acids 814-885) was fused to glutathione S-transferase (GST) by using the pGEX 4T-3 vector (Pharmacia). The fusion protein was purified with glutathione-Sepharose-4b beads (Pharmacia), analyzed by PAGE, and used to inoculate three rabbits (Cocalico Biologicals, Reamstown, PA). Antibodies were affinity purified against a fusion protein of thioredoxin (Novagen) and the fragment of rTRP2 gene bound on a Sulfalink column (Pierce) as recommended by the manufacturer.
Western Blot. HEK cells transfected (Lipofectamine; GIBCO͞BRL) with rTRP2, untransfected HEK cells, rat brain, VNO, and olfactory epithelium were homogenized in RIPA buffer (0.15 mM NaCl͞0.05 mM Tris⅐HCl, pH 7.2͞1% Triton X-100͞1% sodium deoxycholate͞0.1% SDS) and spun at 14,000 ϫ g to remove cellular debris. Protein was quantitated with a Bradford assay (Bio-Rad), and 20 g from each tissue was separated by PAGE on a Tris⅐HCl 10% Ready Gel (Bio-Rad) and transferred to nitrocellulose. The protein was detected with enhanced chemiluminescence (ECL; Amersham).
Immunocytochemistry. Tissue was fixed in 4% paraformaldehyde, equilibrated in sucrose, and embedded in Tissue-Tek OCT. Dissociated cells, prepared from rat as previously described (16), were fixed in paraformaldehyde and allowed to dry onto slides coated with Cell Tak (Collaborative Biomedical Products). Sections and cells permeabilized with 0.1% Triton X-100 were incubated with a 1:500 dilution of the primary antibody followed by a 1:200 dilution of Cy3-or Cy5-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch). Actin was visualized with Bodipy phalloidin Fl (Molecular Probes) at 1:500 dilution. Slides were mounted with Fluoromount G (Electron Microscopy Sciences). Images were obtained with an LSM 410 confocal microscope at 1024 ϫ 1024 pixels, using an aperture of 60 (dissociated cells and lowmagnification images of sections) or 26 (high-magnification images of sections). To calculate artifactual intensification of signal due to membrane area, we assumed 70-80 microvilli of 0.1-mm diameter on each knob of 3-mm diameter (25, 26) .
Analysis of Human DNA. Human genomic DNA was obtained from CLONTECH and hTRP2 sequences were amplified by using the following primers: GCACTGCGCCTCCTC-CTGGCTGGGCTT and GAAGAGCACCTCAGCCAAGA-ACTGGG for Arg-496 and CTATGATCA CCAACTCCTT-CCAGAAG and GGCAAATTCTCCTGAGAAGGTAG-AAG for Arg-664. The PCR products were sequenced off both strands with the original primer pair or the internal primer CACACTGGAGAATCAAAGATGTGAGGAG.
RESULTS
A TRP Homolog Is Expressed in the Rodent VNO. Degenerate oligonucleotides were designed, based on conserved sequences of the putative pore and of the carboxy-terminal domain of known Drosophila and mammalian TRP genes (19) (20) (21) (22) (23) (24) . PCR amplification with cDNA prepared from VNO, but not from MOE, generated an abundant PCR product of the expected size (224 bp), suggesting the existence of one or several VNO-specific TRP ion channels. The screening of a rat VNO cDNA library with 32 P-labeled probes generated from the subcloned PCR products led to the identification of a cDNA present at a frequency of 1 in 10,000. This cDNA is nearly identical to a 405-bp fragment of a mouse TRP homolog (mTRP2, 94% identity at the nucleic acid level) identified by PCR amplification from liver and brain RNA, and to a human expressed sequence tag (EST) (hTRP2) identified in a fetal cDNA library (19) (20) (21) . The cDNA isolated from the VNO is therefore likely to encode the rat ortholog of TRP2 (rTRP2). Although the initial amplification of VNO cDNA had also generated a minor product likely to represent the rat ortholog of TRP5, extensive screening of the VNO cDNA library failed to confirm the presence of TRP5 in the VNO. Moreover, subsequent screening of the VNO cDNA library with the initial PCR probes as well as with the 3.4-kb full-length rTRP2 cDNA under high-and low-stringency conditions of hybridization and washing failed to reveal any additional TRP homologs.
The cDNA of rTRP2 encodes a predicted protein of 885 amino acids (Fig. 1a) which contains six hydrophobic regions predicted to span the membrane, and a putative pore domain located between the fifth and six transmembrane domains. The amino terminus of rTRP2 displays an ankyrin-repeat consensus sequence (amino acids 147-179) (27) and the carboxyl terminus contains a stretch of amino acids (744-785) predicted to form a coiled-coil domain. Phylogenetic analysis, based on sequence alignment within the TRP family of ion channels, indicates that rTRP2 is equally distant from Drosophila and from other mammalian TRPs (Fig. 1b) , with which it shares between 25% and 30% sequence identity. It is more distantly related to the nematode sequences OSM9 (18) and K01A11. 4 and to the vertebrate vanilloid receptor (28) (respectively 21%, 18%, and 12% sequence identity).
Expression Pattern of rTRP2. The distribution of rTRP2 was investigated by Northern blot and in situ hybridization experiments. In Northern blots (Fig. 1c) 32 P-labeled rTRP2 probe hybridized strongly to RNA purified from the VNO. A very faint signal could be detected in RNA from the MOE after longer exposure of the blot (data not shown), but no signal was detected in other tissues, even after extensive exposure of the blot.
In situ hybridization with a digoxigenin-labeled rTRP2 antisense RNA probe further confirmed the striking specificity of rTRP2 expression. An intense hybridization signal was detected in the VNO neuroepithelium, restricted to sensory neurons (Fig. 2a) . The rTRP2 probe equally labeled both apical and basal subpopulations of VNO neurons which are otherwise distinguished by expression of distinct G ␣ subunits and pheromone receptor families. No signal was observed when we examined sections from an exhaustive series of other sensory and nonsensory tissues (see Methods). A very faint signal was detected in a small population (less than 1%) of basally located cells in the adult MOE (Fig. 2b) , which are likely to account for the barely detectable signal in Northern blots. The location of the labeled cells in the olfactory epithelium is consistent with that of immature sensory neurons. Accordingly, scattered labeled cells were also observed at higher density in MOE from late embryonic stages (E14 to E19; data not shown). However, no protein was detected in adult and embryonic MOEs (see below and Fig. 3 ).
Our data suggest that, in contrast to other TRP channels characterized so far in mammals, rTRP2 is specifically expressed in mature VNO neurons and is virtually absent from any other neuronal and nonneuronal tissues. Previous amplification of TRP2 from mouse liver and human embryonic brain and cloning of TRP2 fragments from bovine testis (19) (20) (21) might therefore result from minute expression of TRP2 in these tissues that contrasts with the high level of rTRP2 expression detected in VNO neurons (0.1% of the transcripts in cDNA libraries prepared from individual VNO sensory neurons, data not shown). Alternatively, TRP2 tissue distribution might differ in different species. 
rTRP2 Is Localized to Microvilli of VNO Sensory Neurons.
In the MOE, olfactory sensory transduction occurs in specialized cilia extended by olfactory neurons into the nasal cavity (2) . Similarly, pheromone signal transduction is likely to occur in the sensory microvilli that protrude from the dendrites of VNO sensory neurons and that line the VNO lumen. Restricted localization in VNO microvilli would therefore distinguish components of the pheromone sensory transduction from those involved in more general signaling processes. Antisera were raised against the carboxyl terminus of the rTRP2 protein and were affinity-purified. On immunoblots, the anti-rTRP2 antisera recognized a band of about 90 kDa in VNO, but not in brain or in MOE (Fig. 3) . A band of the same molecular mass was recognized in HEK cells transfected with rTRP2 but not in untransfected cells.
Immunolabeling of VNO sections showed intense staining of the luminal surface of the VNO but faint staining of neuronal cell bodies (Fig. 4a-d) . In contrast, but consistent with the distribution of rTRP2 message, no staining was observed in sections from MOE (not shown). At high magnification, the TRP2 protein appeared strictly localized to the microvillar zone of the adult VNO neuroepithelium immediately distal to the actin-rich terminal web of supporting cells.
Even more striking results were obtained by immunolabeling of dissociated sensory neurons. As shown in Fig. 4 h-k, the expression of rTRP2 is remarkably confined to sensory microvilli, whereas the neuronal cell body and dendritic knob show a much fainter staining. Because the microvilli have more membrane area than other regions of VNO neurons, label on a uniformly distributed membrane protein might appear more intense in this region of the cell. On the basis of the number and size of VNO neuronal microvilli and the focal depth of the confocal microscope, we calculate that such an effect might artifactually enhance fluorescent signal from the microvilli by 2.5-fold. In fact, measurements from confocal images showed that intensity in the microvilli was increased by a factor of 40 Ϯ 9 (mean Ϯ SD; n ϭ 3) over adjacent regions of the dendritic knob or cell body.
TRP2 protein was detected in only a few scattered VNO neurons in late-stage embryos (E19 and E20) but was readily detectable in newborn animals (postnatal day 2; see Fig. 4 e-g ). At this stage the TRP2 protein showed a more patchy distribution at the luminal surface and a relatively stronger distribution in neuronal cell bodies. The adult distribution of rTRP2 is achieved at postnatal day 21 (not shown).
The selective enrichment of the rTRP2 protein in the VNO microvilli is highly suggestive of a direct role of rTRP2 in the pheromone-induced sensory cascade. Similarly, the G protein G ␣i2 , which is expressed by a subset of VNO neurons, with high concentration at the lumen, has been suggested to participate in the pheromone transduction pathway (12) . Using an antibody to G ␣i2 , we observed that G ␣i2 is also restricted to the microvilli of dissociated VNO neurons, in a pattern identical to that of TRP2 (Fig. 4 l-n) . rTRP2 in Humans. Curiously, the human ortholog of rTRP2 is considered to be a pseudogene, as several independent ESTs indicate the presence of deleterious mutations introducing stop codons within the ORF (19) . We confirmed the presence of two of these mutations (see Fig. 1a ) by partial sequencing of hTRP2 obtained from human genomic DNA. The existence of a functional vomeronasal system in Old World primates, including apes and humans, is debated (29) . It is thus possible that, in higher primates in which VNO function may not be essential for breeding, the selection pressure to retain functional VNO transduction components is much reduced.
DISCUSSION
The transduction of pheromone signals by VNO sensory neurons represents the initial step in a cascade of molecular events that ultimately leads to specific arrays of behavioral and neuroendocrine changes characterizing the mammalian pheromone response. We have identified a member of the TRP family of ion channels, rTRP2, that is likely to participate in the pheromone signaling cascade. Our data suggest molecular similarities in the sensory signaling pathways of mammalian VNO sensory neurons and Drosophila photoreceptor cells and point to pheromone transduction as an experimental system with which to study TRP channel function. The initial observation, confirmed here, that TRP2 is a pseudogene in humans (19) , suggests that responses to pheromones in humans (30) might result from detection by MOE neurons. This idea is in accord with data obtained in several animal species showing that the VNO may not be the only site for pheromone detection, and that some pheromonal cues are processed by the main olfactory system (1).
Genetic studies in invertebrates have demonstrated that members of TRP family are essential for G-protein-regulated and cyclic-nucleotide-independent sensory pathways. In C. elegans the OSM9 channel is required for the sensory response of AWA olfactory neurons to the activation of the odorant receptor ODR10 (18) and mediates mechanosensation and olfactory adaptation in other sensory neurons. In Drosophila photoreceptors, the activation of rhodopsin triggers a lightinduced conductance formed by the TRP and TRP-like channels (7, 31) . Similarly, rodent VNO neurons appear insensitive to cyclic nucleotides (16) and display high and specific expression of rTRP2, a mammalian homolog of the TRP channels. The exclusive expression of the rTRP2 protein by VNO neurons, its striking localization in VNO sensory microvilli, together with its similarity to other channels involved in G-protein-regulated and cyclic-nucleotide-independent sensory pathways, is consistent with a direct role of rTRP2 in the pheromone evoked-response. The rTRP2 channel might represent the primary conductance activated by the pheromone signal, or it could mediate a secondary amplification or modification of the sensory response. Direct evidence that rTRP2 indeed represents the primary component of the pheromone-induced conductance will require the demonstration that the rTRP2 channel is activated by pheromone signals. These experiments are not possible at the moment, because of the absence of well characterized mammalian pheromones and of specific activators or inhibitors of TRP channels.
A Model for Pheromone-Induced Signaling in the VNO. Molecular and functional properties shared between Drosophila photoreceptors and mammalian VNO sensory neurons suggest a common model of signal transduction in which TRP channels represent the primary conductance. In the Drosophila eye, photoisomerization of rhodopsin activates a G ␣ protein of the G q class that triggers a phosphatidylinositol signaling cascade, lead- ing, by a mechanism still to be defined, to the opening of the cation-selective dTRP and dTRPL channels (17, 31) . In rodents, two families of receptor genes expressed exclusively by VNO neurons have been identified, each thought to contain about 50 -100 genes. A novel family of putative seventransmembrane-domain receptors is expressed in the most apical domain of the VNO, and a second gene family related to the metabotropic neurotransmitter receptors is found in a more basal zone of the neuroepithelium (9, (13) (14) (15) . It is therefore likely that VNO signal transduction involves G-protein signaling. Immunocytochemical analysis in opossum and rodents (12, 32) showed high expression of the two G-protein subunits G ␣o and G ␣i2 in nonoverlapping populations of VNO neurons. Using highresolution confocal microscopy on isolated VNO sensory neurons, we confirmed the specific cellular localization of G ␣i2 in VNO microvilli, consistent with potential role in signal transduc- tion of pheromones. In addition, a high level of adenylyl cyclase type II (ACII) was found in all VNO neurons (12) . In contrast to ACIII found in MOE, ACII can be directly stimulated by G-protein subunits ␤␥ in the presence of low levels of G ␣s (33) leading to the production of cAMP and potential activation of a CNG channel. However, only the ␤ subunit of the CNG channel (roCNC2) is expressed in the VNO (5, 6, 10) , and because it does not form a detectable CNG conductance when expressed alone in an heterologous expression system, it is unlikely to be functional by itself in the VNO. Moreover, and in contrast to results obtained with MOE neurons, rodent VNO neurons appear insensitive to cyclic nucleotides (16) , making this pathway unlikely.
On the basis of identification of rTRP2 as a candidate transduction channel in the VNO we propose a model according to which the activation of G ␣o or G ␣i2 by pheromone receptors and the subsequent release of ␤␥ [or alternatively, the activation of G ␣q also identified in the VNO (12)] would stimulate a phospholipase C (34), leading to the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol trisphosphate (IP3) and diacylglycerol (DAG). Elevation of IP3 or DAG would then lead to the opening of the TRP2 channel and alteration in membrane potential. This model would be consistent with the increase in IP3 reported in snake and hamster VNO neurons in response to pheromones (35) (36) (37) .
Activation of TRP Channels. The mechanisms by which any of the TRP channels are gated are still largely mysterious and the object of controversy (38, 39) . Mammalian homologs of dTRP have been identified that show predominant expression in the brain and in a variety of nonexcitable tissues, such as adrenal gland, lung, testis, and ovary (19) (20) (21) (22) (23) (24) . The subcellular localization of these channels has not yet been described, and their function is unknown. On the basis of in vitro studies, it has been suggested that the mammalian homologs of dTRP are involved in the refilling of Ca 2ϩ stores induced by receptormediated store depletion and that, by analogy, dTRPs might also be store-operated (20, 40) . However, (i) the localization of dTRP in photoreceptor microvilli distant from internal Ca 2ϩ stores, (ii) the absence of activation of dTRP channels in vivo after release of Ca 2ϩ stores induced by thapsigargin, and (iii) the activation of the light-induced conductance in mutants lacking functional InsP3 receptor strongly challenge this hypothesis (17, 31, 41) . Similarly, the highly restricted localization of rTRP2 to sensory microvilli that do not have a vesicular compartment representing a potential Ca 2ϩ store (25, 26) argues against a store-associated activation. Moreover, in preliminary experiments, we have been unable to activate rTRP2 by agents that deplete Ca 2ϩ stores. Thus, our results suggest that TRP2 and probably other mammalian TRP channels are activated, as is dTRP, by second-messenger signaling pathways that are store-independent.
Taken together, our data underline the importance of TRP channel-mediated transduction in a variety of sensory systems across evolution, including Drosophila phototransduction, C. elegans olfaction, and mammalian VNO pheromone transduction, and provide additional support for a mode of activation of TRP channels in sensory neurons that is not directly mediated by intracellular store depletion.
